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Abstract Ptychography is a coherent diffraction imaging technique and has rapidly developed over the last decade,
becoming an indispensable imaging tool in most X-ray synchrotrons and national laboratories globally. In the visible light
regime, optical ptychography can be divided into two: lens-based Fourier ptychography and lensless-based coded
ptychography (CP). CP is a novel lensless on-chip microscopy imaging technique, and its advantages include a large field-
of-view, high-resolution, aberration-free, label-free, field portability, and slow-varying phase imaging. In this review, we
discuss the basic principles of CP and summarize its recent progress. Additionally, we analyze its imaging performance and
highlight its biomedical applications. Finally, we conclude this review article by pointing out several directions for its
future development.
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Fig. 3 Fourier ptychographic microscopy'”. (a) System schematic diagram; (b) system device; (c)(d) raw images, recovered color

images, and recovered phase images of blood smear slide and stained tissue slice
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. (a) The forward imaging model of coded ptychography;

(b) the iterative phase retrieval process

2.2 EEEZE

TS WAL AR IR RS )R . — A
AU A S S T, e TT DU G S 1 AR IR EE RS o,
R R AR O (2, ). RN T
AL BREIR .

1) 6y e 5 0 J52 2 T 1 0 1 S W7 (2, )

W (2, y')=PSF( —d.)*

(;Efﬁ/ﬂr“+mw”+%” - @

rM
Ao (2", ") 2R R A R R TR R R
B PR BB A MR OR MG Y IR 3T 4R BB R RE
BE
2) W) 4k A G = CS(f,y'):

! ! 1 T " "
CS(I,y)_PSFfrCC(_d>*(T2,~1/\/ L(x >y )) °©
AM
(3)
PR 2) A B AE AR E g P AT — ik, — B

Hy CS (2, y'), 4 2 ik AT 18 T o, 76 IS S T A 1Y 5
W R RN O AT A

3) R A T 0 4 4 e PR A o R R S (2, )
LR 9 P 5 e W ()

w2y )= W (2 =z y — ) (4)

44 5 )2 CS (2, o) 5 0 B B 4 1 s 5t B i

W2, o) i A 1R 2 T RAAS B 8 T 4R B I 110 ¢ 5 D
BT E 2,y )o BEJR K 510 E( 2, ) 16 46 BE B o, 73
) PG A s - 1 9 2 S (2 ")
(2 y)=Cs(dy)- wiH(ay). ()
S y")=E(2,y)*PSF.(d.)- (6)

5) % PR BRSS9 PR IR AT R BB iz
P PRG3R P 4 A R
B BERT S 2, y"):

o[ [yn)=(|s (=5 |

*PSFpixel ) ’
v M

(7)
\/I (x”/M—| [y”/M—D
/U ’_I”/M—‘ ’_y”/M-D

o[ 2R R E OB BB PSF 0 30 UG A6 %
1% T {925 1) R o 78 %A% A% T 1 P30,
I35 1 o A 1 — R i F A 4 KR
6 )5 B (T S, (2, ") A 45 1] G 79 2 S 1 -
E/(2,y)=5/(a",y")*PSFul —d.).  (9)
7) A CPIE 558k R B B9 W A IR
W (2 )RR TEIR CS (2, o), i 2 ) T 7 4 7 2
TEARE SE I P IAT —
W ()= Wy )+

(
conj[CS(r’, y')} '|:Ez"< ', y/> - Er‘( ', y’)}

S,,<I//, y//)z S, (

(10)

2 B

(1= aw)| CS(2y)| + | CS(2 y)

max

CS’(x’, y’)z CS(x/,y’) +

Y
conj[W,f‘hm< 2, y/>:| [ E/(
!

) 2

) BNy
y th”‘( I’,y’) ;X
(11)
A ay a(s%rPIE%P%E‘J%ﬁ,WU%ﬁﬁEﬁ 1.
8) L T AL BE 7)) BEH B M RS By W AR i B Dl
Wy ) R B 0T W ()

(1 o 01(‘5) Wishiﬁ(x ,

0618003-5



NEHEXE 5B ER
W[( x/,y/> = W,f‘"‘f"(x/ +x,y + yz->o (12)
9)H & 3)~8) , HL 2 2 Wl 5 1 i I Sl ok
PFo )5 K BT W (2, ) R ARG =
STH A5 B PR 2 IR IR AE S .
O(x,y)=W (2, y)*PSF .
2.3 BBES
G 1 B )22 AR R G0 1) O B 2 B2 G 5 R 2% L FR
Gt )2 5 H Y R AG BRAR A . Ak, FEA Y 5
ARG LIS s i R & AT IREBDGR, DL AT
SEFE A 1R A e SEORHLER1F o 2020 4F, Jiang S5 R
— I TR S 2 R R T E B A b ROUR O
ER B BRI — 2 B 520 1~5 pm By 5Lk

—d\)s (13)

B 6155 6H1/2024 F£ 3 B/BEXRBFEHE

VE R G b 2%, 750 E AR YR 5 G AR 2% s b ) A7 4 4
A LLSE L 780 nm B 1] 43 B 3 S50 B9 0 AR AL SR
KA & 3 PR % . AR, Song & 20k K
RA RS2 &SR R EGEAR, R
5 B R I < B BOG A% 4E S BTG IR, I 78 BTG B%
O B B HEAT OIS 40 B . BB R B AR AN TR K
1 % BE A% LLAS [6] (9 A 3 A RS 1A | 280t 4 i )2 A
5 A [ P BRI T R AR B i B R A 22 %
ZWARKIRA BUT B9 S Z AR E o B2 5] R % (14 41
i ZFEE HORUR R G0 B E 5] 6 (a) BTz o 3 9
FRW] LU R B W8 0 i 1 8 )2 1R, R 1 Tk
i 5 A DU o T 3 A A g B )2 S B A R
) it B 8 )

(a) Wavelength-multiplexed
coded ptychography

T T YT )

Coded ptychography

(b) Parallel coded ptychography

i (¢) Temporal-similarity constraint

Coded sensor array | coded ptychography

------

iCoded sensor

P S —————
ITTITTTITITITITY

channel oo

/

Coded layer ; Sample ; !

translation i translation i translation

Prism ! 2 : 2 Laser
Song et al.2020 1 Jiang et al.2021 Laser  Jiang etal.2021
(d) o E (e) Whole slide scanner via E ) ;
Optofluidic coded ptychography : e o hoarhy ! Rotational coded ptychography

Coded layer : Main sensor Secondary sensor | FEEEEEEEEES

under the sssssssnssnusnnes | [LrrrrrEEEN L PSSR LLLILILLIILIIII

et —— |
ITTITEITTTTIITLLL

T~

Microfluidic rotation
channel

RGB Laser :
Song et al.2021 Laser ! 111 Jiang et al.2022 | Jiang et al.2022 Laser
(2) Synthetic-aperture coded ptychography (h) Depth-multiplexed coded ptychography

w. [pEEmEEEEEERR 00 | preceeeees
f Laser
/ [ & - - — ]
Samples at different
t ' t - depths position

Song et al,2022 Laser Guo et al.2023 +¥* Beam steering

6

AT XA T & J2 R R W R (a) 36T 2K IR A BT 90 98 )2 5 (0) IR A7 g 8 )2 5 (o) 26 i ) AR L 24

Mg is S (AR EE; ()R T RGBSR WGV R B (DIREA RGBSR (@) 4L RHmHEEZE; (T
Z 2 D) AR g B 5 22
Fig. 6 Schematic diagrams of different coded ptychographic systems””. (a) Wavelength-multiplexed coded ptychography; (b) parallel

coded ptychography; (c) temporal-similarity constraint coded ptychography; (d) optofluidic coded ptychography; (e) ptychographic

whole slide scanner; () rotational coded ptychography; (g) synthetic aperture coded ptychography; (h) depth-multiplexed coded
ptychography

2021 4%, Jiang 5 1 UORE 2 5 )2 B H 5 U7 18
2 S B R T, FE 0 — A Al 2 8 R D00 %, A A0 B 41
AR T ARG Eh A Rk R AR R A
B, 75 I 1] GBS rh 2 T R AL AR PSR OT Y
22 () 0 A R o O AR L 6 AR v A N 1 R B0 R

B BT R S AUBUE ALAR D 0. 8 By =S ) 4y B
Ao WA BT TR T g T AR A% B A Y IR AT Y B
JE AR R GE, U & el A a1 6 (b) s o [\ 4R
Jiang S5 Bt X o AR Ay RS e 3 e I B4 P SR 3
H TS T T A R 24 Y 2 A B R SR B

0618003-6



M X E - FB LRk

£ 6155 6H/2024 £3 A/BAERBFEHE

BATESZHEERERMWEEE ), SCB T 7 4% B4 il fa)
SRPERAET . I AT RSB T % K AT R R
A T K L b 4%, I BE R SR B AR W AT K Rt
PR AR R, R R G R PR K 6 (c) BT s .
E6(d) Mt EEMEREWIREE, ZHEARLERT
it B )2 WUR AR SO g AR B T —Fh 5
%A A T AR SRR AR LAY B 2 BRI RS
V5 i 15 J2 B 35 A ST 1A ) JEC RS I e R Y
B, REATE T8 110 1 B v () B 4 A 2 A 31, A4 R Y
AT 558 PR A5 0 G 38 1) AR A TR T e M . i R BEF
R LB RS, RN R G, I 0T DU AR
B Z RO A i &

20224F , Jiang % R T mBEE NG HERIFE T
FRATLBHE NG B mE 6(e)frn, £
PR 5 2 G 400 2%, SR FH 2 40 A R e 5 2 . R
PRI 28 00V PR 2 IR R B B 0, 3 B0 2% AN
PRI 28R )2 foh K B R e R 4r 4k i = ot
i [R5 I B AR 1) /N B AR T B 467 B8 OF 5
B L S 7 B8 O 2 AT A . I TAESER S0 T
Xof 7 S P SR e ) IR A DA B R R T A 8 R
Yy WAL R AR ST, SR B A AR R 12
W 37 HR B R F TS 70 TRIAE  Jiang %67 S T — R e
HAXEW W &2 Tk, R R E 6(0)

(a) Parallel coded ptychography

(b) Temporal-similarity constraint
coded ptychography

FEoR o 38 i B WO DVD WG IR R Ge b iR & 4t
AR, BB SE TR R G OR R 4 B OGRS B AR L
BTE B 8 b B e 5 o B B 2 SR 4R iR 0 T
BIG . R A B T 2 A D g bt 2, Bk 1 — il 4
B G B 2 T R

i i B )22 USRI 05 — A K D7 n 2 & AL & )2
WG RGN E 6(g) iR o a4 R 0 SF T
HEURT W A T A 328 37 451 4 G RS PR e, R 8 1 S s ) Y
TG AN ) BF Sy ek B P2 i) 9 00 34 5, SE T
25 [8) 3 HE R ARE B 3R T ARG I 16 508 e o TER
LY WA R ge XA 6] B REAS AR T SN W S Bl i
AR R [ o B, A ) ) P37 T S S S R M A L 2
XoF Rt A A AR JAG T, XoF S AR 1) A5 ek R TR AR
R AR RAPREEE . EFXF B ) T, 2023 4F Guo 45
Wit 7T B 5T 22U 5 AL % S )2 WO R
45, Z G0 AR AN 15 6 (h) TR o AN [R]85 1)
7B A O TS s R RN 45 2 T, 3 e R VR A AR
BEAE N A IR B XF A GOG 7 A AN f B Y
HEBHOG I, O R S AN 6] BRI AR 2 1 i 6 R . iR
Al DA HE S 1 2 )2 88 W B AR R B KR
~205 mm?, § 7] 73 B fe m A ~1. 1 pm, JF Bl RLXS
T 20 A e R R R AR . L 7 (@) ~ (D) R R B 2 G
5 2 R R G I FAEAL

B 7 AT G0 05 % 2 AR 2R G0 0 SRR AL 70 () IR AT S A% 7 J2 5 (b) B T B[R] AR 0L 240 R 4 5% 78 2 5 (o) 016 0 4 %
B2 (D BT RS Z 2 R B0 () Tefe X ih & )2 5 (0 5T 22 0) 7 R 4 15 5 )2
Fig. 7 Hardware platforms for different coded ptychographic implementations™ ™" ™. (a) Parallel coded ptychography ;(b) integrated
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ptychography with a microfluidic chip for sample delivery; (d) color-multiplexed ptychographic whole slide scanner; (e) rotational
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Fig. 9 Digital refocusing of coded ptychographic imaging””. (a) Large field of view imaging results based on digital refocusing;

(b) focus map corresponding to Fig. 9 (a); (c1) (¢2) the recovered intensity of the object exit waves of different regions;

(d1) (d2) the refocused intensity images of different regions; (el) (e2) the refocused phase images of different regions

Object Raw image Recovered wrap phase Unwrapped phase

Large bacterial
colonies on agar,

B0 SRR AL ™ e (al)~ (1) SE 4 Pl 43 0 o7 2° MW e 2 A B 5 em 9 XU i 5%, LA B 40 T BT 9% 5 (a2) ~(c2) 11 10(al) ~
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Fig. 10 Slow-varying phase imaging”" ™. (al)-(c1) Object images corresponding to optical prism, biconvex lens, and bacterial colonies;
(a2)-(c2) the captured raw images of Figs. 10(al)-(c1); (a3)-(c3) the recovered wrapped phase images of Figs. 10(al)(c1) ;
(ad)—(c4) the recovered unwrapped phase images of Figs. 10(al)—(c1)
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Fig. 11 Label-free and quantitative phase imaging of the large-scale cell cluster™ . (a) Quantitative phase imaging results of unstained

thyroid smears; (b) quantitative phase imaging results of US87MG cells
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Fig. 12 Whole slide imaging and digital pathology related applications™ ™. (al) (b1) The focus maps for WSI; (a2) (b2) the virtually
stained whole slide images; (a3) (b3) the ground-truth images captured by a 40X, 0. 95 NA lens; (a4) (b4) the difference maps;
(c1) (c2) the recovered intensity and phase images of a slide labelled with the Ki-67 markers; (d) the segmentation results using
the deep neural network; (el) (e2) zoomed-in views of the highlighted regions in (c2) and (d); (f) the measurement of dry mass
and cell area for the Ki-67 positive and negative cells; (g) the histogram analysis of the cell eccentricity, cell area, dry mass,

and average phase
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Fig. 13 High-throughput cytometric analysis of blood cells and urine sediments””. (al) Recovered whole slide phase image of a

blood smear via the rotational coded ptychographic platform, inset shows the locations of WBCs and parasites based on

the automatic segmentation and tracking process; (a2) recovered phase of the small region in Fig. 13(al); (a3) scatter plot

of WBCs and parasites based on cell area and average phase; (b1) recovered whole slide phase image of a urine sediment

sample via the rotational coded ptychographic platform; (b2) recovered phase images of different elements in the urine
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(d) Time-lapse monltormg of live cells using depth-multiplexed lensless coded ptychography
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Fig. 14 Time-lapse monitoring of bacterial and cell growth'™

. (a) Recovered phase images of E. coli bacterial cells at different time

points; (b) quantitative phase analysis results of bacterial colonies; (c1) recovered phase images of 15 bacterial colonies over a

centimeter-scale area; (c2) monitoring of bacterial growth process under different antibiotic concentrations; (¢3) the variation

curve of bacterial dry mass over time; (d) time-lapse monitoring of the HEK 293FT cells via the depth-multiplexed coded

ptychographic platform
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